INTRODUCTION
"Larks" and "owls" are often distinguished by morningnesseveningness scales (MES) referencing behavior to time-ofday, disregarding whether sleep timing originates from a circadian system biologically tending to delay or whether late sleep hours may be appropriate to a person's preferences and social environments. The Basic Language Morningness Scale (BALM) employed in this research is one such semi-quantitative scale. 16 DSPS and eveningness are closely related but not entirely overlapping phenotypes. Several studies have indicated that "eveningness" is partly inherited, often with dominant transmission. [17] [18] [19] Environmental and social factors and puberty also play roles. 20, 21 Some studies suggest that genetic factors vary in penetrance according to a person' s age. 19 Fibroblast tissue cultures from those with extreme eveningness showed delaying circadian rhythms in vitro. 22 Tissue from people with DSPS demonstrated a lengthened circadian period 23 as do fibroblasts of bipolar patients. 24 Somewhat like DSPS, bipolar depression may be associated with sleep delays and is strongly heritable. Thus, it is interesting to inquire whether polymorphisms in circadian system genes might partly explain these disorders.
Polymorphisms loosely associated with eveningness and delayed sleep phase have been reported, but these accounted for little phase variance and have not always been replicable. [25] [26] [27] [28] Thus far, only a tiny portion of the genetic regulation of delayed sleep has been identified. A group of polymorphisms causing severe advanced sleep phase syndromes have been described, 29 but these appear too rare to account for much of the population variability in morningness and eveningness. Therefore, there seems a need for an expanded search for polymorphisms in genes of the circadian system that might explain more biological aspects of delayed sleep.
We examined circadian genes in two cohorts with disturbed sleep (including some bipolar) and their controls and in an additional bipolar cohort, searching for polymorphisms associated with circadian phase delays.
METHODS

Clinical sources
Two independent clinical studies were used. Reports from early portions of these studies have previously appeared, 4, [30] [31] [32] [33] as well as parallel analyses of associations of depression phenotypes with the same genetic material. 34 To make our approach most accessible to readers, the investigative techniques will be presented even when description of specific methods may repeat portions of our previous reports.
Participants
From May, 2004 to March, 2011, volunteers for a study of "night owls" (DSPS) were recruited first by newspaper, radio, word-of-mouth, and internet advertising in the San Diego region, and later by internet advertising throughout the United States. Control volunteers who said their sleep was normal and that they were neither owls nor larks were likewise recruited, with targeting to approximately match the affected participants by age, gender, and ethnicity. Both delayed sleep phase and control participants signed written informed consent for the collection and use of their DNA and questionnaire responses, and they were paid for their participation, under supervision and ongoing approvals of the UCSD Human Research Protections Committee, otherwise known as an ethics committee (protocols 101294, 91633, 61397, 60999, 60014, 40211, 31645, and 20026), and in compliance with the Helsinki Declaration of the World Medical Association. Participants also completed a series of questionnaires concerning their sleep timing and history of sleep disorders, especially delayed sleep phase symptoms, the Horne-Östberg 35, 36 and BALM 16 morningness-eveningness scales, past medical and family history, psychiatric history including the Mood Disorder Questionnaire (MDQ), 37 and also the QIDS-SR depression rating scale. 38 Some of the DSPS participants underwent two weeks of wrist actigraphy. 30 Assembling all this information including reported and measured timing of sleep, morningness-eveningness reports, reported distress, and lack of extraneous biological or social causes, the principal investigator and staff estimated their certainty that the participant suffered from a condition of primary biological origin making sleep undesirably late, indicating a "DSPS" phenotype. Participants contributed blood or saliva samples for DNA. Most of the samples were collected in Oragene saliva kits given or mailed to the participants (DNA Genotek Inc., Kanata, Ontario, Canada). There were 460 participants initially recruited as delayed and 458 recruited as controls, but not all could be included because of questionable phenotypes, unsatisfactory DNA samples, genotyping quality control, and missing data. The n=826 initially available for analyses of genetic association were 67% female. The mean age was 38 years (range 22 to 82). Those of non-European ancestry were excluded from many analyses of genetic association, to limit genetic inflation due to sample stratification ( Figure 1 ). The ancestry influence on allele frequencies is summarized in Supplement 1, Worksheets 8 and 9.
From June, 2006 to May, 2010, 1281 patients undergoing polysomnographic evaluation at the Scripps Clinic Viterbi Family Sleep Center were recruited for a study of genetic factors in sleep disorders. All patients age 21 years or older whom staff could conveniently contact and who were willing and able to consent were included. Written informed consent was obtained under the continuing approval and supervision of the Scripps Health IRB (ethics committee) protocols HSC-05-2725 and IRB# 05-707 and in compliance with the Helsinki Declaration, but patients were not paid for research participation. The patients' mean age was 57.6 years (range 21-96) and 64.8% were male. As part of a long clinical questionnaire inquiring about various symptoms relevant to sleep disorders, the BALM MES and the QIDS-SR self-rating depression scales were obtained. Clinician' s sleep disorders diagnoses, including delayed sleep phase disorder (Code 327.31), were assembled. To best recognize a DSPS phenotype, those receiving a diagnostic code 327.31 or having BALM score <28 were classified as DSPS phenotype, a BALM <28 being suggested by our previous study. 30 This was a more liberal BALM criterion than that used in our examination of pleiotropy with depression. 34 Those patients not meeting DSPS criteria were utilized as controls. DNA was purified from saliva collected in Oragene sampling kits, but it has not yet been possible to assay genotypes in the last portion of the clinical sample. Those labeled DSPS included 14.9% of 731 patients (109 DSPS) of European ancestry usable in Sleep-Center DSPS phenotype analyses and with adequately assayed genotypes.
DSPS diagnoses
In a representative population sample of San Diego adults 40-64 years of age, Ando et al. found that 10.9% reported trouble falling asleep at least 3 times/week, 16.9% reported trouble waking up in the morning at least 3 times/week, and 3.1% reported both. 39 Though it is unlikely that such high percentages should be classified as having DSPS, there is as yet no validated basis for specifying the strength or validation of complaints that should be required for diagnosis. Ando et al. reported that average actigraphic bedtimes were 10 min. later than reported bedtimes, and actigraphic wake-up times were 22 min. later, with the participants awakening 45 min. later on weekend mornings. 39 Sleeping late on weekend mornings may result from a variable combination of delayed sleep propensities, late-night social and recreational opportunities on weekends, and a build-up of sleep-debt during the work week. Flow chart of participant selection for the meta-analyses. Selection of samples for the main meta-analysis associating DSPS phenotype with SNPs is diagrammed. At progressive stages, samples were excluded if the DSPS phenotype determination was missing or ambiguous (e.g., a control volunteer who was rated possible DSPS). Because logistic regressions of the mixed-ancestry groups demonstrated excessive genomic inflation, those of non-European ancestry or uncertain ancestry were excluded from the meta-analysis. Samples were also dropped if covariate data were missing or if the genotype call for a particular SNP failed quality control. However, in supplementary analyses, we considered those with non-European ancestry (a mixture of African, Asian, Pacific Island, and Native American ancestry and mixed ancestries) as a group, and we considered all participants regardless of ancestry. DNA selections were similar for the DSPS-casecontrol phenotype and for the BALM quantitative phenotype.
ology for accommodating the discrepancies between subjective and objective sleep timing and between week-day and weekend habits. For these studies, we have used the historical term 'delayed sleep phase syndrome" (DSPS) to avoid complying with the nebulous contemporary clinical criteria for "delayed sleep phase disorder" that depend on discerning "a delay in the phase of the major sleep period in relation to the desired sleep time and wake-up time, " also requiring that "when allowed to choose their preferred schedule, patients will exhibit normal sleep quality and duration. " 13, 14 It is often difficult to judge and document when such misalignment of sleep propensity is sufficient for diagnosis, or when social factors, personal preferences, or psychophysiological disturbances are the main factors in a person's sleep timing. Also, even when the endogenous circadian phase has played a crucial role in establishing a person's sleep time preferences, some people adapt to a late endogenous circadian sleep propensity so well that they no longer would prefer an earlier sleep time. Other people with a late endogenous circadian phase are so upset by lying in bed for long hours trying to sleep that they suffer psychophysiological disturbances arising from adverse habit development and impaired sleep efficiency, even when they retire at the time of their optimal sleep propensity, so that their sleep is no longer symptom-free at any time of day. Lacking logical, specific, and validated clinical diagnostic criteria, we have frankly relied on the investigator's synthesis and balance of information suggesting either biological misalignment or sleep later than the normal range to judge when a circadian disorder of biologic origin produces unwelcome delay. The degree of certainty that a person had a biologic disorder of delay was not based upon one specific set of criteria but on a judgment synthesizing reported and preferred sleep times (both current and past), the Horne-Östberg and BALM scales for morningness-eveningness, sleep complaints, sleepiness and fatigue complaints, confounding conditions, and various details of past history. Comorbidity with depression or mania did not prevent DSPS classification unless mood disorder symptoms appeared first and appeared to cause the sleep disturbance.
Certainty of DSPS diagnoses
In the DSPS-case-control sample, DSPS phenotypic cases were defined as previously described as absolutely certain, certain, and questionable, or not DSPS, and controls were included only if there was no suspicion of DSPS, though a few controls with possible ASPS were included. 30 It was found that combining the three levels of DSPS certainty yielded the most statistically-robust genetic associations, probably because of the greater numbers available for the regressions of a broader phenotype. In the Sleep Center sample, patients were scored as having DSPS phenotype if a DSPS or DSPD diagnosis was recorded in the medical record, and/or if the BALM score was <28. The BALM alternate criterion was needed because clinicians sometimes omitted making a DSPS diagnosis when the primary diagnostic focus was sleep apnea, WillisEkbom disease, etc. Having studied the data further, we used this looser BALM criterion for DSPS yielding almost twice as many DSPS cases as in of our previous report on the same data wherein the BALM criterion used was 23. 34 It was surprising that the change in criteria made substantial alterations in which SNPs were nominally associated with DSPS in the Sleep Center sample, particularly reducing the nominal association of GSK3B SNPs. To give another interesting example, MTNR1A rs13131052 was more strongly associated with DSPS than NFIL3 rs2482705 in some logistic regressions of Sleep Center data using the older DSPS phenotype form. As prospectively predicted, in both the DSPS-case-control and Sleep Center data sets, the strongest associations to DSPS and BALM were generally found restricting the sample to participants of European ancestry <60 years of age, using dominant models.
Recognizing non-24-hour sleep-wake rhythms
To evaluate the presence of non-24-hour rhythms, actigraphs were evaluated (by DFK) for those DSPS cases who had completed usable actigraphy (n=380), and additional clinical data were considered when available for both those recruited as DSPS cases and controls. Based on 2 weeks or less of continuous actigraphy, the recognition of a non-24-hour component was often uncertain, both because a full 360° progression of the non-24-hour component can almost never be visualized within 2 weeks and because such components are often masked by social and environmental synchronizers. In some cases, questionnaire data about various sleep symptoms and previous treatment could assist recognition of these phenomena or longer actigraphic or sleep log records were available. Since any data on such cases are rare and require years to collect, to best exploit the data available, we scored participants (blind to genotyping) for non-24-hour rhythms as 3) definite, 2) likely, 1) possible, or 0) no evidence. Apart from one Sleep Center patient who underwent actigraphy for a non-24-hour rhythm, adequate determination of non-24-hour rhythms in the Sleep Center sample could not be done, nor was this determination possible for the controls of DSPS cases (who did not undergo actigraphy) or bipolar patients recruited from clinical sources. Neither non-24-hour rhythms nor bipolar disorder were the primary focus of this research, and neither disorder is easily identified by the methods we used except in the most extreme cases. The majority of those affected might exhibit only partial penetrance leading to serious insensitivity in our ascertainment. Technologic innovations will make this ascertainment more practical in the future.
Identifying bipolar disorder
Although the presence of unipolar depression or bipolar disorder were only incidental foci of the studies, the DSPScase-control sample completed the Mood Disorder Questionnaire (MDQ), a screening instrument for bipolar I and bipolar II disorders with 0.28 sensitivity and 0.97 specificity. 37 Since sensitivity is improved by relaxing the criteria at some loss of specificity, participants not meeting strict criteria were scored 1) possible, 2) likely, or 3) definite bipolars by weighing a number of factors in addition to MDQ scores, such as how they answered explicit questions about having had mania or bipolar disorder, about hospitalizations, and about medications they had taken, their comments when interviewed, and other information when offered. This bipolar scoring was done by DFK blind to genotypes. Of 918 participants in the DSPScase-control study (not all of whom could be genotyped) plus 8 bipolar patients added to the sample from clinical sources, only 11 were scored definite bipolars, 31 likely, and 43 possible, with the remainder scored 0 for no evidence of bipolar disorder. As previously reported, the rate of bipolar disorder was greater among DSPS cases than their controls. 30 In the Sleep Center study, neither the MDQ nor other relevant questionnaire items for bipolar disorder were available, but with access to the electronic medical records (which generally did not focus on psychiatric diagnoses), 10 patients were found with bipolar diagnoses, among which 8 had usable genotypes and were of European ancestry.
Genotyping
To identify polymorphisms relatively unique to DSPS, which might not have been previously reported, portions of 15 circadian genes in up to 45 selected DNAs (mainly from DSPS cases) were resequenced with Sanger capillary sequencing using ABI 3730 technology. 40 These genes were ARNTL, BHL-HE40, BHLHE41, CLOCK, CRY1, CRY2, CSNK1D, CSNK1E, DBP, NFIL3, NPAS2, NR1D1, PER1, PER2, and PER3. Although the 36 samples from DSPS cases and controls resequenced proved too few for DSPS case-control contrasts, resequencing of BHLHE40 produced observations relevant to non-24-hour circadian phenotypes and bipolar disorder.
As will be described in the results, by inspecting the resequenced genotypes, we unexpectedly observed a group of haplotypes forming a distinctive allele pattern in BHLHE40. In BHLHE40, a participant's DNA was considered to display this group of haplotypes when at least two of the 18 linked minor alleles were observed, and a SNP was judged to be a component of this group of haplotypes when the minor alleles were observed in at least two participants together with other components of the group of haplotypes.
To obtain data from more DNAs and additional polymorphisms, an expanded genotyping effort was organized using a custom Illumina Golden Gate assay targeting 768 SNPs selected from genes thought crucial in circadian rhythm regulation and including a few SNPs implicated in sleep disorders. 41 Genotyping was performed following the assay manufacturer's instructions. Genotypes were clustered within GenomeStudio using all samples with >95% call rates. SNPs with call rates <90% or heterozygote frequencies >65% after re-clustering were removed. Cluster positions for each SNP were manually inspected and edited if necessary. The final Illumina assay dataset for the Sleep-Center patients genotyped 630 SNPs (average call rate 99.7%). In addition, 41 SNPs selected as ancestry-informative markers (AIMs) were genotyped with Sequenom and SNPlex assays. 42 Various polymorphisms including the PER3 VNTR (rs57875989) were explored with supplemental Taqman assays. After screening for genotyping quality control, adequate heterozygosity, and HardyWeinberg equilibrium, the DSPS case-control Illumina assay sample included 667 circadian-sleep-gene-related polymorphisms available for linear regression including 27 of the ancestry-informative markers. The ancestry-informative markers were used in combination with patient self-reports of ancestry to select those of European origin, when inclusion of those with nonEuropean ancestry yielded an excessive genomic inflation factor. The non-Europeans were a diverse group with African, Asian, Pacific Island, or Native American ancestry, as well as mixed ancestries. Tables in Supplement 1 provide detailed listings of Illumina assay genes, SNPs, and statistical outcomes.
Association analyses
The associations of the sample polymorphisms with the morningness-eveningness scales were determined using the linear regression module of PLINK 43 with a prospectively-selected dominant model, limiting the samples to those of European origin and controlling for covariates of age and gender. In addition, genetic background was estimated using multidimensional scaling (MDS) of the AIMs, and the top 2 MDS components 42 were used as covariates in the linear regression model to minimize genomic inflation. In some analyses, the samples were also limited to those <age 60 years, because associations with the MES scales proved stronger. In addition, because our previous analysis suggested five factors composing the revised Horne-Östberg scale, 33 the association of each factor with genetic markers was determined independently by linear regression in the DSPS-case-control sample. For polymorphisms of interest located in the non-autosomal re-gion of the X chromosome, males and females were analyzed independently. Then PLINK meta-analyses were used to combine results of both DSPS-case-control and Sleep Center studies. Significance was assessed with Bonferroni adjustments for testing multiple polymorphisms. Adjustments for multiple comparisons were also checked by computing false-discovery statistics, 44 but these were sufficiently consistent with the Bonferroni outcomes to make their separate presentation superfluous. The fixed-effects p values have been listed, but for SNPs where Cochrane' s Q statistic was Q<0.05 indicating significant heterogeneity in the fixed-effects models, though the random-effects P(R) was p>0.05, the meta-analysis value for the SNP was considered NS. For candidate-gene analyses, PLINK set-based tests were computed on linear regressions using default parameters of the -set command (r 2 =0.5, p< 0.05, maximum number of SNPs=5) and 10,000 permutations. For contrasts of the DSPS phenotype in the Sleep Center sample, similar logistic regressions and genewise -set tests were computed.
RESULTS
Alleles in BHLHE40 associated with non-24-hour sleep-wake cycles
We used Sanger resequencing of 15 gene regions to find polymorphisms that might be related to DSPS and phase delay, using 45 DNA samples from research participants with severe DSPS syndromes, non-24-hour rhythms, bipolar disorder, or controls. We identified over 700 polymorphisms in genes of the circadian system. 40 A grouping of associated alleles was retrospectively observed in BHLHE40 (previously designated DEC1 45 or BHLHB2-see EF015895.1). 40 The pattern of minor alleles encompassed 17 variably-linked SNPs and one indel among the 29 polymorphisms detected in the 5' promoter, 5' UTR, introns, exons, 3'UTR, and near 3' downstream region (Figure 2 ). Haploview 46 Hapmap 3 data (which include 4 SNPs of the associated allele group) suggest that in Europeans, this loose pattern is interlinked with a network of strong linkage disequilibrium blocks spanning approximately 80 kb both 3' and 5' to BHLHE40. The samples available in the 1000 Genome Pilot 1 suggest a somewhat more limited extent of linkage disequilibrium (Figure 3) .
In a severe variation developing from DSPS, sleep and wake arrive later and later, day after day, until a non-24-hour rhythm in sleep-wake may become recognizable (Figure 4 ). For 37 of the resequenced DSPS participants, the probability of a non-24-hour circadian component could be estimated from actigraphy, besides one bipolar patient known to have had a 21.8 hour non-24-hour rhythm in early adulthood. 47 Of the 38, three definitely had non-24-hour circadian rhythms, and one was judged to possibly display a non-24-hour circadian rhythm component. Two homozygous for the associated-minor-allele pattern definitely had non-24-hour rhythms, and the "possible" non-24-hour participant plus the other definite example were heterozygous (p=0.004, exact 2-sided test) (Figure 2 , Table 1 ). The Spearman nonparametric rank order correlation associating the probability of a non-24-hour rhythm (scored 3, 2, 1, or 0) with the number of distinctive-pattern alleles per participant was Rs=0.492 (exact significance p=0.001, Figure 2 . Patterns of associated BHLHE40 SNPs with phenotypes. Rows represent each of the 45 participants resequenced (8 bipolars and 37 DSPS), and columns describe the SNPs. Position is the chromosome-3 base position from assembly GRCH37/ hg19. Alleles list the minor allele first, as indicated in the forward DNA strand, and MAF shows the minor allele frequency listed in the UCSC browser 7/6/2013. For the associated SNP pattern: Red shading highlights a minor allele homozygote, and pink shading highlights a minor allele heterozygote for the associated pattern of alleles. Green shading highlights a SNP that was not inferred to be one of the 18 interlinked polymorphisms. Purple highlights the associated allele group (top of columns) and participants with ≥2 such alleles (left columns). *for specification of SNPs without "rs" designations (not appearing in dbSNP) see http://www.ncbi. nlm.nih.gov/nuccore/EF015895, **regarding non-24-hour sleepwake components or bipolar disorder, symbols in columns 2-3 for a participant indicate. P: possible, L: likely, D: definite, or ?: undetermined.
one-tailed). Considering the estimated probability of a non-24-hour rhythm, a linear regression model for all ethnicities (genomic inflation factor=1) found association for 9 of the linked SNPs of BHLHE40, including rs34883305, rs34870629, rs74439275, and rs3750275 (all n=37, Beta=0.99, SEBeta=0.18, p=4.58E-09, Bonferroni p=2.95E-06) as well as rs908078 (p= 1.53E-07, Bonferroni p=9.87E-05), rs11130215, rs1104976, rs2271566, and rs6790630 (all Bonferroni significant). See also Table 2 .
Ancestry factors in BHLHE40 associated alleles
Regarding BHLHE40, only one of 15 resequenced DNAs with the pattern of associated alleles was judged non-European by ancestry-informative markers and self-reported ancestry, whereas 5 of the 30 with none of the associated alleles were typed non-European or of mixed origin. Nevertheless, 1000 Genomes Browser data for 100-200 subjects per group indicate higher frequencies of BHLHE40 pattern alleles among Africans (e.g., averaging 20.8% among YRI and 17.2% among LWK in contrast to 10.6% among CHB and 10.5% among JPT and in contrast to 8.7% among CEU and 11.4% among TSI). This raises the possibility that the associated allele pattern might derive from an ancient haplotype of African origin that gradually evolved and became largely or entirely replaced in most BHLHE40 genotypes of Asian and European ancestry. SNAP analyses of linkage disequilibrium 48 in 1000 Genome Pilot 1 data sets indicated that CEU Europeans had a broader region of linkage disequilibrium than CHBJPT Asians and a much broader region of linkage disequilibrium than YRI Africans (Figure 3) , perhaps suggesting that the common-allele pattern among Europeans is of more recent origin. Among the Europeans, linkage r 2 was as high as 0.67 as far as 27K 5' of BHLHE40, but substantial linkage with r 2 >0.40 did not extend 3' beyond the 3' UTR. As might be inferred from Figure 2 , rs908078 was not as closely linked with other SNPs within BHLHE40 as some of the other SNPs, nor was it as strongly linked to the 5' promoter. The weaker association of rs908078 with non-24-hour rhythms than other BHLHE40 SNPs may be a clue that linked alleles in the 5' promoter region are important to the phenotype associations observed.
Non-24-hour cycle patient characteristics
All our examples of possible non-24-hour rhythms had cycles longer than 24.0 hours, except for the one bipolar participant who definitely had a 21.8 hour rhythm in early adulthood, 47 not observed when she was restudied by actigraph over 20 years later. Besides two chromosomes with most of the BHLHE40 grouped alleles, this participant had a unique PER2 polymorphism, 40 previously described as PER2_21007 (http://www.ncbi.nlm.nih.gov/nuccore/EF015905) but so far as we have learned, never described elsewhere. It is possible that this unique polymorphism explains her unusual non-24-hour cycle. Since NCBI has not assigned this polymorphism a dbSNP number or description, as reference genomes ) of BHLHE40 SNP rs11130215 is shown as an example for the haplotype group, compiled and edited from SNAP plots 48 for CEU, CHBJPT, and YRI ancestry groups within the 1000 Genome Pilot 1 data base (hg18 locations). The range plotted is from 25K 5' to the SNP (just at the limit of CEU significant linkage) to 25K 3' to the SNP. The sample with CEU ancestry had far stronger 5' linkage than the Asian or YRI samples, but linkage dropped sharply within a few thousand nucleotides downstream of the 3' UTR in all groups. BHLHE40 is a small gene (green arrow). Its protein binds to E-box transcription factor binding sites of several circadian genes, deactivating promoter activity by competitive inhibition. 45, 56 BHLHE40 forms heterodimers with BHLHE41. BHLHE40 transcription is enhanced by light pulses, probably due to a CRE-responsive element in its promoter. According to the Scripps Genome Adviser, 49 several of the BHLHE40-associated alleles may influence transcription binding sites of the adjacent gene.
are revised, this T<C polymorphism might best be identified by its context on the reverse DNA strand: GGATCCCACATGTGCTGGGACCATCATGAAGCTG GCCTCATAACAGGGCT Y CCTAATCCTTCCCATCTTCTTCCTCCAGCGTA ACCCCCAGGCAGCCCCCA BHLHE40 alleles and bipolar disorder All 3 participants homozygous for the BHLHE40 linked allele pattern were judged to have possible or definite bipolar disorder. Six of the 9 definite bipolars had at least one chromosome with the associated allele pattern, as compared to 9 of 36 who were not bipolar (p=0.042, two-tailed Fisher Exact Test). Considering the nonparametric correlation of a participant's number of alleles with the associated pattern and the likelihood of bipolar disorder (ranked 0 for improbable, 1 for possible, 2 for likely, or 3 for definite), Spearman's rho was 0.32 (exact significance p=0.034, two-tailed). When linear regression of the BHLHE40 alleles against the bipolar score were computed, 10 of the 17 SNPs of the minor allele pattern were significantly associated with p<0.05, but in this small data set, none of these associations reached Bonferroni criteria. A PLINK 43 genewise-set test for overall significance of the BHLHE40 alleles for bipolar disorder was not significant. There was little or no association of bipolar disorder with non-24-hour sleepwake cycles (Table 3 ).
Rs908078 and bipolar disorder and DSPS
From BHLHE40, rs908078 was the only allele-pattern-as- MN 6 am NOON 6 pm MN Figure 4 . Actigraphic record provides an example of a non-24-hour sleep-wake rhythm. This patient wore a wrist activity-light monitor for 4 weeks (starting and ending about 2 PM). On each day (consecutive horizontal lines), the red vertical bars show relative wrist activity, indicating wakefulness. Purple rectangles highlight intervals of predominant inactivity, inferred as sleep with assistance of the patient's sleep log. Vertical yellow bars display the patient's illumination surroundings, plotted on a semi-logarithmic scale of lux (from 1 lux, e.g., full moonlight to 10,000 lux, e.g., bright sunlight.) Note that on many days, the patient experienced little or no daylight. This patient habitually retired to bed an hour or two later each day and awakened correspondingly later (25.4 hr. cycle.) His sleep drifted around the clock, with only minimal pattern irregularities suggesting interactions with the environment. Brief intervals when the actigraph was removed for bathing were not edited. All three participants with definite non-24-hour cycles ( Figure 1) were heterozygous for the C (minor) allele of rs908078, as was the participant with a possible non-24-hour component and 6 with delayed 24-hour rhythms. None of 28 participants out of 45 without the C allele had any suspicion of a non-24-hour component (Rs=0.560, p=0.006), though some such were seen with extended genotyping. In this table showing the larger group of all our DSPS cases for whom we had actigraphic judgments regarding non-24-hour circadian activity components and rs908078 Illumina genotyping, the minor C allele and suspected non-24-hour components were associated, with Spearman correlation of Rs=0.274 and p=0.033; moreover, the exact significance of the Pearson ChiSquare of 36.873 (DF=6) was <0.001. Because the rs908078 minor C allele was found in only 10 of the 18 DNAs in which the BHL-HE40 pattern of alleles were found, the rs908078 C allele served as a partial marker for the group of haplotypes, but was not the bestassociated marker related to non-24-hour components sociated SNP successfully genotyped in the Illumina assay, though rs11130215 was imputed. We could not demonstrate significant association of rs908078 or rs11130215 with bipolar disorder in this larger sample (n=463-466), but the bipolar probability scores in homozygotes or heterozygotes for the distinct grouping of BHLHE40 minor alleles averaged about 3 times the probabilities for homozygotes with the common alleles. Meta-analysis demonstrated that rs908078 was nominally associated with the DSPS phenotype (OR=1.39, p= 0.034) and with less morningness (greater eveningness) on the BALM scale (Beta=-1.81, p=0.018, shown in Supplement 1 Worksheets 1 & 2). Rs908078 associations did not meet Bonferroni criteria. In the DSPS affected cases, the rs908078 minor-allele homozygotes and heterozygotes, and the major allele homozygotes were distributed as 6/82/150, with observed MAF (minor allele frequency)=0.3445, whereas among unaffected participants, the distribution was 5/45/149 with MAF=0.2261. In the Sleep Center sample, the MAF averaged 0.26 with DSPS affected having only 0.016% more minor alleles than controls unaffected. These larger samples support the role of rs908078 (and by inference, the BHLHE40 associated alleles) in delayed sleep phase, as well as in non-24-hour rhythms. According to the Scripps Genome Adviser, 49 rs908078 is a synonymous coding SNP which creates an ESE site, which may promote splicing.
Two loci associated with DSPS morningnesseveningness
To gather more data, the DSPS cases and controls and the independent sample of patients undergoing polysomnography at a Sleep Center were genotyped with a custom Illumina assay chip, probing 768 SNPs in 41 circadian and sleep-related genes. Logistic regressions of the DSPS phenotype with Illumina SNP genotypes were examined separately in the DSPScase-control sample and in the Sleep-Center sample, followed by meta-analysis combining the two samples (Supplement 1).
As prospectively anticipated, 18 the dominant model gave more robust results. In the meta-analysis of the two samples, 25 of 616 SNPs were associated with a DSPS phenotype with nominal p<0.05, but only two were significant after Bonferroni correction ( Figure 5 ).
In NFIL3 (previously designated E4BP4), rs2482705 was significantly associated with the DSPS phenotype by metaanalysis (OR=0.47, nominal p=1.63E-05, Bonferroni-corrected p=0.010). Association of rs2482705 was only significant in the DSPS-case-control sample (Table 4 and Supplement 1), but including the Sleep-Center patients somewhat strength- Blind estimations of whether or not a participant was bipolar were tabulated versus blind estimations of whether or not a non-24-hour circadian sleep-wake component was likely, among those with DSPS phenotypes for whom both ratings were available. Among the 38 participants whose DNA was resequenced and whose wrist activity was recorded, there was no significant association between suspected bipolar disorder and a suspected non-24-hour rhythm. In our larger set of DSPS cases, the exact test (two-sided) relating non-24-hour possibility and bipolar possibility had a Pearson Chi-Square of 32.538 with DF=9, p=0.005, but this appeared to have almost entirely reflected the two cases homozygous for the rare allele who had non-24-hour rhythms, because the non-parametric correlation was only Rs=0.182 (NS) This quantile-quantile plot shows SNP association p values from the meta-analysis of the DSPS phenotype in the combined DSPScase-control and Sleep Center data sets. See the first worksheet of Supplement 1 for a listing of these p values. Quantile-quantile plots can be useful in visualizing the import of SNPs associations by comparing the distributions of nominal p values with the random expectation, and they are useful in appraising possible confounding from sample stratification. The ordinate plots the observed probability (P) values on a minus LOG10 scale, and the abscissa represents the expected probabilities of a random distribution on a comparable scale. The dashed red line highlights the random expectation of P statistic distributions. Pink circles highlight the two Bonferroni-significant SNPs. Note that the next 5-10 nominally-significant SNPs were sufficiently elevated above the expectation to suggest possible association.
ened the meta-analysis, since the Sleep-Center rs2482705 association approached nominal significance (p=0.052), and the odds ratios in the two studies were rather consistent. Examining imputed SNPs, rs2482705, rs2440592, and rs2482359 had identical associations with DSPS, for linkage extends widely ( Figure 6 ). Six of the 13 SNPs examined in NFIL3 meta-analysis had p<0.05 association with OR of 0.47 to 0.67. The PLINK 43 genewise --set test for NFIL3 in the DSPS-case-control sample yielded p=0.0037 (Supplement 1). Note that the common G allele was associated with delayed sleep, whereas the minor A allele was associated with sleep being less delayed (i.e. relatively more advanced).
Likewise, rs3828057 in RORC was associated with the DSPS phenotype in the meta-analysis (with OR=0.51, nominal p=1.94E-05, Bonferroni p=0.012). Moreover, this SNP was nominally significant in both the Sleep Center and DSPS-casecontrol samples, and RORC was significant in the Sleep-Center genewise -set test (p=0.0008)(Supplement 1), but strong linkage disequilibrium extends beyond RORC (Figure 7) .
PLINK linear regression of the BALM morningness-eveningness phenotype with a dominant model meta-analysis showed the strongest association with rs2482705 (p=8.6E-05, From the DSPS-case-control sample, the number of participants homozygotic for the common alleles of rs2482705 (NFIL3) and rs3828057 (RORC) or carrying a minor allele are tabulated versus participants with the DSPS phenotype or their comparable controls. Note that minor (A) alleles were more common among controls than DSPS cases. Participants (N=47) with equivocal phenotypes were not included ) of NFIL3 rs2482705 is shown, compiled and edited from SNAP plots 48 for CEU, CHBJPT, and YRI ancestry groups within the 1000 Genome Pilot 1 data base. Linkage with r 2 >0.2 ranges in the 3 ancestry groups from approximately 100K 5' to rs2482705 to 100K 3' downstream to rs2482705. There is considerable variation in the linkage patterns in the different ancestry groups, which may be important, considering that the association of rs2482705 with the DSPS phenotype and the BALM in our samples of European ancestry were not supported among non-Europeans. Haploview 46 lists 6 SNPs (one 5', four intronic, and one 3') with which rs2482705 is strongly linked in a sample of European ancestry (not counting rs33973463). Rs33973463, to which rs2482705 is well-linked (Spearman rho=0.669), is a synonymous coding SNP which may create an ESE splice promotion site. NFIL3 is a competitive inhibitor at D-box transcription factor binding sites. We have not discerned a specific role for rs2482705, an intronic SNP. It is plausible that one or more of the linked SNPs are responsible for the association of rs2482705 with DSPS.
Bonferroni p=0.053), with 2 nominally significant SNPs in NFIL3 by meta-analysis (Figures 8 and 9 ). Similar results were obtained with the Horne-Östberg scale (see below). Further nominal association with the BALM phenotype was supported by 6 NFIL3 SNPs in the DSPS-case-control sample and 4 SNPs in the Sleep-Center sample (Supplement 1). Metaanalysis for association of the BALM phenotype with SNPs in RORC was supported only by nominal significance of rs 3828057 (p=0.00189, Bonferroni NS). Although neither rs 2482705 nor rs3828057 were significantly related to bipolar probability scores in the overall European portion of the DSPScase-control sample (n=466), the minor alleles which appeared protective for DSPS tended to appear somewhat protective for bipolar probability score. Further replication in larger samples would be needed to more accurately assess the strength of these associations.
Strength of genetic associations with DSPS and eveningness
To assess the strength of association of multiple SNPs combined with the DSPS phenotype and with the BALM morningness-eveningness scale, supplemental multiple linear regressions were computed in SPSS12.0, controlling for age, gender, and ancestry-informative markers, including only participants of European ancestry <60 years of age. The measures of association were the partial correlations, followed by the ) of RORC rs3828057 is shown, compiled and edited from SNAP plots 48 for CEU, CHBJPT, and YRI ancestry groups within the 1000 Genome Pilot 1 data base. Linkage with r 2 >0.4 ranges in the 3 ancestry groups from the 5' part of RORC to SNPs and genes about 40K downstream to rs3828057. Green arrows show genes in the region with their direction of transcription. RORC binds at RRE transcription factor binding sites on CLOCK, ARNTL, NFIL3, and RORC itself, among others, promoting transcription with complex influences on circadian feedback loops. 56 The roles of RORC in immunology have attracted the most interest. No specific role of rs3828057 has been discerned, and considering the substantial linkage to several adjacent genes, further investigation will be needed to confirm that RORC actively influences DSPS. The means (blue circles) and 95% confidence intervals (red bars) are shown for homozygotes with the common alleles (left), heterozygotes (center), and for those uncommon homozygotes with the minor alleles (right). For both SNPs, those with 1 or 2 minor alleles (AG or AA) had BALM means outside the confidence limits for the homozygotes (GG) of the common allele, suggesting that minor alleles were associated with dominant protection from DSPS. 
, to indicate the additional explanatory value the combined SNPs might contribute to the multivariate model. In the DSPS-case-control sample, partial correlations for MTNR1B rs10830962, CRY2 rs11605924, RORA rs12443044, NFIL3 rs2482705, and RORC rs3828057 associations with the DSPS phenotype were 0.124, -0.126, 0.139, -0.205 and -0.115 (NS), respectively. For the associations with the BALM, the partial correlations were -0.128, 0.104, -0.116, 0.161, and 0.095 (NS) respectively. The combined contributions of the significant SNPs in addition to that of covariates retained in the all-combined multiple regression for the DSPS-case-control sample were adjusted R 2 =0.093 for the DSPS phenotype and adjusted R 2 =0.069 for BALM. The adjusted R 2 values were slightly less when including participants of age 60 years or more. In the Sleep Center sample, the partial correlations relating DSPS phenotype to these SNPs were 0.129, -0.187, 0.079 (NS), -0.118, and -0.178 respectively. The combined adjusted R 2 attributable to the five SNPs was about 0.060, mainly contributed by rs11605924 and rs3828057. In the Sleep Center sample, the partial correlations relating these SNPs to the BALM were -0.053 (NS), 0.138, -0.088 (NS), 0.150, and 0.121, with combined adjusted R 2 attributable to the significant SNPs estimated at 0.030. Unfortunately, the custom Illumina Golden Gate chips did not adequately assay the pattern of associated alleles of BHLHE40, which might have contributed additionally to R 2 .
BALM MES compared with Horne-Östberg scale factors
To explore which phenotyping method was best-associated with a genetic polymorphism influencing delayed sleep, the BALM and Horne-Östberg morningness-eveningness scales, five Horne-Östberg scale subfactors 33 and the DSPS phenotype were contrasted for their associations with NFIL3 rs2482705, using comparable linear regressions, with dominant models corrected for genomic inflation (Table 5) . It appeared that the DSPS case vs. control phenotype was substantially more significantly associated with rs2482705 than the two morningness eveningness scales, which performed about equally well. In some comparisons, the Horne-Östberg scale performed slightly better and in others (not shown), the BALM performed slightly better, so the two scales may be roughly equivalent for studies of genetic association. None of the 5 Horne-Östberg scale factors performed as well as the The association of NFIL3 rs2482705 is contrasted for the Horne-Östberg and BALM morningness-eveningness scales, for 5 factors of the Horne-Östberg scale described by Rhee et al, 33 and for the DSPS phenotype. The strength of the NFIL3 gene-wise PLINK-set tests are likewise contrasted for the two morningness-eveningness scales and the DSPS phenotype overall 19-item scale. The BALM scale has only one factor. 33 The three phenotyping methods were also employed in PLINK genewise-set tests 43 for NFIL3. The -set tests did not elicit a reliable superiority of one phenotype over another, especially since correction for genomic inflation was not offered in this test.
Objective sleep phase and DSPS
An objective estimate of actigraphically-inferred sleep acrophase was computed for 190 of the DSPS cases. 30 No SNP approached Bonferroni significance in this analysis, in which the range of sleep phases was limited because actigraphs were collected from DSPS cases only (no controls). Likewise, no robust genetic association with questionnaire wake-up times was identified in the group of DSPS cases and their controls.
Analysis of OPN4 P10L
Roecklein and colleagues reported that rs2675703 (the OPN4 P10L polymorphism) interacted with seasonal day length to influence sleep onset, 50 but in so far as that analysis could be repeated in our DSPS-case-control sample, we found no significant association in additive or recessive models of rs2675703 with the BALM, nor did we find any evidence of association of rs2675703 with DSPS. Only 7 participants with TT recessive genotypes were available for the analysis in interaction with day length. In the subgroup of the DSPS-casecontrol sample whose completed SIGH-SAD questionnaires suggested presence of seasonal affective disorder, no unusual associations of delay phenotypes with polymorphisms were identified. In the Sleep-Center data (for which day length data were not available), the rare TT recessive model was associated with a slightly higher BALM score (that is, greater morningness) with p=0.037, with age, QIDS-SR, and gender controlled, but significance was lost if a strong interaction between gender and genotype was included in the model.
Reported results that were not replicated
We have emphasized polymorphisms associated with delayed sleep phase which met strict Bonferroni criteria for multiple testing, and which largely replicated in our two participant samples in both DSPS and BALM phenotypes, but we are reminded of the assertion that most reported associations prove false. 51 Extensive independent replication of results such those reported here is needed. In this context, it is worth noting that our data did not replicate the much-reported (but not always replicated) associations of morningness-eveningness or DSPS with PER3 rs10462020 and a PER3 VNTR linked to rs10462020, rs57875989, 52, 53 or the association with the C3111T CLOCK SNP rs1801260, which is widely-linked throughout CLOCK. 25, 27 We do not consider the nominally significant association of the BALM with CLOCK C3111T to be a replication, because the direction of association appeared the reverse of the initial report. 25 To be sure, the older age and comorbidities of our Sleep Center sample may have impeded replication, along with the mixed ancestry of both samples. We failed in our meta-analysis to replicate other reported associations of phase delay with PER2 rs2304672, 54 or rs7221412 near PER1, 28 and we did not replicate the reported CLOCK rs 1801260 interaction with GNB3 rs5443. 55 
DISCUSSION
Role of DSPS loci in circadian oscillation
In summary, we found several circadian gene loci that promote phase delay, probably including the associated-allele pattern of BHLHE40. The BHLHE40 allele pattern is likewise associated with non-24-hour sleep-wake cycles. BHLHE40 inhibits the positive limb of a core circadian transcriptiontranslation feedback loop by competitively inhibiting ARN-TL-CLOCK transcription factor binding to E-box promoter sites. NFIL3 inhibits transcription factor binding at D-boxes, which promote transcription of genes on both positive and negative limbs of the circadian feedback loops, whereas RORC binding at RRE sites may promote the positive limb acting through CLOCK-ARNTL transcription, though SNPs in both NFIL3 and RORC were associated with relative phase advance.
Our findings associating NFIL3 and RORC and a BHLHE40 allele group to DSPS and non-24-hour sleep-wake rhythms suggest polymorphisms in both positive and negative limbs of a primary circadian oscillator feedback loop ( Figure 10A ). Indeed, since BHLHE40, CRY1, NFIL3, and NR1D1 all themselves have E-boxes in their promoters, 56 these genes take part in positive and negative limbs of more extensive feedback loops of such complexity that dozens or even hundreds of additional elements may be involved. Each year we learn of new elements in a circadian oscillatory network which is now suspected to involve hundreds of genes, 57 several interlocking transcriptional feedback loops, phosphorylation by several kinases, microRNA effects, regulation of acetylation and deacetylation of DNA and histones, nuclear and cytoplasmic transfer of RNA and proteins, ubiquitin-related metabolism of proteins, redox states, neurotransmitter effects at cell membranes, calcium channels, intercellular coupling, and other complexities. 58 The role of specific alleles in non-24-hour rhythms and DSPS could be explored in cell cultures, which display delaying and free-running circadian rhythms related to the donor's phenotype. 22, 26, 59, 60 For example, over-expression of BHLHE40 produced phase delays in cell cultures. 61 Once the genetic pathways are clarified, the information may be exploited for diagnostic tests and possibly for genetic therapies for DSPS and non-24-hour rhythms.
Circadian phase delay and bipolar disorder
Some of these same alleles associated with DSPS may be associated with bipolar disorder. 62 Depression is often the most disabling aspect of bipolar illness. Both unipolar and bipolar depression are associated with eveningness and delayed sleep during depressive episodes. Attention deficit hyperactivity disorder (ADHD), which may be genetically associated with bipolar disorder, may perhaps likewise be associated with phase delays. A pleiotropy between non-24-hour rhythms and bi- 81 E: TSH circulates retrograde to promote deiodinase 2 which converts T4 to T3. F: T3 promotes synthesis and release of gonadotropin hormones, implementing summer reproduction and good mood. polar disorder was hypothesized by the late Franz Halberg almost 50 years ago, 63 with the suggestion that circadian desynchronization or malsynchronization causes the mood disturbances. Indeed, the manic phase of bipolar disorder may be associated with relative phase advance, conceivably produced by transiently delaying non-24-hour components which wrap around the 24 hours to a phase-advanced orientation. A recent study suggested that as with cells from DSPS patients, fibroblasts cultures from bipolar patients tend to display slow (delaying) circadian metabolic cycles in tissue culture. 24 Another study had a similar finding but too few participants to reach significance.
64 NR1D1 (a gene protein associated with bipolar disorder) 65, 66 inhibits RRE elements in ARNTL-CLOCK, indirectly inhibiting E-box activation. Consistent with these considerations, a CLOCK dominant negative mutation in mice, which may produce phase delay or delaying non-24-hour rhythms 67 has been claimed to be a possible rodent model for mania. 68 The ASMT rs4446909 G allele promotes phase delay possibly by delaying melatonin synthesis, thus promoting depression and bipolar disorder. 32, 69 An altered circadian relationship of BHLHE40 and PER2 was suggested in assays of depressed brains 70 and may interact with CLOCK and CRY1 in bipolar disorder. Note also that rs3828057 in RORC had a nominally significant association with the QIDS-SR depression scale in the DSPS case-control sample, reflecting mainly unipolar depression, and NFIL3 rs7021746 was nominally associated with QIDS-SR by metaanalysis of three samples. 34 TNF rs1800629 was nominally linked by meta-analysis to both the DSPS phenotype and to the QIDS-SR, and PPARGC1B rs7732671 showed some nominal linkage to both these phenotypes. 34 Such findings, though not statistically robust nor significant by Bonferroni criteria, suggest that unipolar depression in common with bipolar disorder might to some extent be linked to polymorphisms causing phase delays.
Evidence is accumulating that delayed melatonin offset is associated with unipolar depressions, 7, [71] [72] [73] [74] [75] as suggested in Figure 10 . The current results indicate that melatonin offset could become delayed due in part to several polymorphisms which delay circadian rhythm systems. Conversely, it is well known that a person' s illumination exposure, particularly exposure to bright morning light, may cause melatonin secretion to terminate earlier in the morning, not only because bright light suppresses melatonin acutely, but also because it advances the "morning oscillator" component of the complex circadian oscillator composed of particular cell groups within the suprachiasmatic nuclei. 76, 77 Morning bright light tends to be antidepressant. 78 In general, effects of bright light on mood seem to be mediated through retino-hypothalamic tract effects on the suprachiasmatic nucleus, which in turn regulates the timing of melatonin release from the pineal. Likewise, suppression of morning melatonin by propranolol can be antidepressant. 79 
Circadian phase delay and photoperiodism
In summer-breeding mammals, winter responses related to a late dawn, which prolongs morning melatonin secretion, offer a photoperiodic model of mood disorders. 80, 81 We theorize that phase-delayed melatonin offset could mediate depression partly through these photoperiodic mechanisms, the neuropharmacology of which is now better understood (Figure 10) . The hypothalamic pars tuberalis has a particularly rich supply of melatonin receptors, which may be the primary target of melatonin effects on seasonal photoperiodic responses. In the short nights of summer, melatonin secretion is terminated by an early dawn. As illustrated in Figure 10C , about 12 hours after sunset, EYA3 rises to a peak in the pars tuberalis. EYA3 with SIX1 coactivate TEF promoter effects at a D-box of the TSHβ subunit. 80, 82 Combining with TSHα, active TSH circulates retrograde in the third ventricle, entering tanycytes in the ependymal lining and activating transcription of deiodinase 2, which then converts T4 to T3. T3 activates hypothalamic secretion of gonadotropins, stimulating summer breeding. If termination of morning melatonin secretion is delayed, either by the later dawn of winter or perhaps by genetically-mediated circadian phase delays ( Figure 10C ), melatonin suppresses the peak of EYA3 and thus reduces TSH transcription in pars tuberalis, leading to reduced hypothalamic synthesis of T3, and consequent inhibition of gonadotropin releasing factors. [80] [81] [82] [83] [84] T3 may directly influence hypothalamic cells secreting gonadotropin releasing and inhibiting factors as well as kisspeptin. 85 However, there remain many unresolved issues in the molecular biology of photoperiodism, such as how the circadian system, perhaps through melatonin onset, synchronizes the peak time of EYA3 release.
Seasonal mechanisms uncovered in laboratory animals may not be exact models for human winter depressions nor for the broader problems of unipolar and bipolar depression which are not always seasonal. Additional circadian mechanisms which are not photoperiodic pathways might regulate biologic components of depression such as reduced activity of the dopamine system and hypothalamic-pituitary-adrenal over-activity (hypercortisolism). Transcription of MAOA, a crucial enzyme metabolizing dopamine, is regulated by CLOCK-ARNTL transcription factor binding on MAOA promoter Eboxes, 86 and thus, by the positive limb of the circadian oscillator feedback loop. How the genetic polymorphisms we have observed or photoperiod might affect MAOA is not yet established. ENCODE data list a weak BHLHE40 binding site in the promoter of NR3C1, a crucial glucocorticoid receptor related to hypercortisolism. Likewise, hypercortisolism is regulated by very strong circadian modulation through a SCN-paraventricular pathway, presumably mediating how morning light elevates cortisol. 87, 88 In contrast, both cryptochrome genes inhibit glucocorticoid receptor activation. 89 In the future, genetic testing might clarify when circadian polymorphisms contribute to sleep disturbances, depression, and bipolar disorder, thus inspiring improved interventions to treat these disorders. Meanwhile, there are behavioral interventions and applications of bright light and melatonin that may be useful in palliating both non-24-hour circadian tendencies and DSPS. 90 Bright light is already being used successfully for depression and bipolar disorder. 78 Eventually, genetic understanding may guide improved pharmacologic, lighting, behavioral and genetic interventions to help those affected become more healthy, wealthy, and wise.
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